The implementation of the EU Water Framework Directive (WFD) requires ecological status quantification on the basis of biological and physico-chemical parameters, and an assessment of reference conditions and relevant environmental pressures for the construction of response curves. In this study the linking of water transparency, a proposed eutrophication indicator, to environmental pressure parameters was examined in the Polish sector of the Baltic Sea. Statistically significant linear correlations were detected between nutrient concentrations in sea water and Secchi depth, and between nutrient riverine loads and Secchi depth. The magnitude of acceptable deviation from reference conditions is also discussed.
INTRODUCTION
Water transparency is dependent on the amount of particulate material and dissolved substances present. The material in sea water may consist of inorganic suspended solids, plankton, humic substances and dissolved coloured substances. During the temperate vegetation season, from March to November, phytoplankton biomass has a high influence on water transparency. Therefore water transparency, as determined by the visibility of Secchi disc (the Secchi depth) has been identified by HELCOM as an indicator of eutrophication (HELCOM 2006) ; it being considered a secondary effect or response indicator. Secchi depth is a parameter for which data sets are available over long time periods (Sandén&Håkanson 1996 , Aarup 2002 , Fleming-Lehtinen et al. 2006 . Technically the measurement is simple, cheap and easy, and the method has remained practically unchanged over the years.
Decrease in sea water transparency during the vegetation season has been observed in all Baltic Sea sub-regions over the last hundred years (Trzosińska 1992 , Fleming-Lehtinen et al. 2006 ). In the southern Baltic Proper these changes have not been as marked as in northern regions, and here this decreasing trend has ceased in the last 10 to 15 years (Łysiak-Pastuszak&Piątkowska 2004) .
Secchi depth fulfils a number of the requirements of a good indicator with regard to eutrophication (Dale&Beyeler 2001) : it is straightforward and relatively inexpensive, reference values can be determined based on historical data, and it is relevant to both coastal and open sea areas. The criterion of Secchi depth responsiveness to disturbances and anthropogenic stresses is the topic of the present study.
This article is a sequel in a series of contributions presenting the results of a study on the identification of environmental pressures, and to determine the reference conditions in the Polish sector of the Baltic Sea in order to develop response curves, boundaries and a protocol proposal for environmental status assessments.
MATERIALS AND METHODS

Assessment areas
Traditionally eutrophication assessments of the Polish sector of the southern Baltic Sea have focused on characteristic regions: the Gulf of Gdańsk, an off-shore area with distinct regions of the Gdańsk Deep and SE Gotland Basin, a shallow coastal strip (delimited by the 20 m bathyline according to HELCOM definition of coastal areas) along the central Polish coast, and the Pomeranian Bay. The locations of the areas selected for these analyses are shown in Fig. 1 (Łysiak et al. 2009 ).
The areas selected for the present assessment are as follows (with the measurement station codes following in parentheses):
− Vistula river mouth section 2 (ZN2), − Internal Gulf of Gdańsk 2 (NP, P114, P115, P110), − Outer Puck Bay 2 (KO, P102, P104), − Gdańsk Deep (P1, P116), − SE Gotland Basin (P140, P63), − Central Polish coast (Z, L7, P16, K6, M), − Open Pomeranian Bay (B13, B15, SK), − Oder mouth section 2 (Sw3).
Assessment data
Secchi depth is routinely measured at each station during all cruises, unless the ship arrives at the station after sunset (e.g. in autumn or winter) (Trzosińska 1992 , Łysiak-Pastuszak&Piątkowska 2004 . The regular monitoring activities related to HELCOM BMP within the Polish sector of the southern Baltic Sea started in 1979, in the off-shore region, and were succeeded by the present HELCOM COMBINE programme in 1999 (IMGW 1987 (IMGW -1999 (IMGW , 2000 (IMGW -2001 ; since 1991 the marine COMBINE monitoring has been carried out within the National Environmental Monitoring Programme. Prior to 1979 data were collected on random occasions within various oceanographic projects (Majewski&Lauer 1994) .
Before routine monitoring activities began, the number of Secchi depth measurements amounted to 10-12 at each station in a year, providing rather good seasonal resolution of results; with up to 3 measurements in spring and 3-4 in summer. During monitoring cruises since 1999 the water transparency has been measured 6 times a year; in winter (usually late January or early February), spring (March or early April), in June, in late summer (August), early autumn (September) and in full autumn (late October or November). Unfortunately, there are gaps in the data due to poor weather conditions or ship machinery or sampling gear break-downs, etc. The resulting data coverage is uneven and sometimes not adequate to determine temporal trends or functional relationships.
The 
RESULTS AND DISCUSSION
Temporal trends in Secchi depth changes
Seasonal analysis of long term changes of water transparency (Secchi depth) in various regions of the Polish sector of the Baltic Sea indicate that the winter water transparency has not changed significantly in the bays or along the central Polish coast or in the off-shore region during that time (Trzosińska 1992 , Łysiak-Pastuszak&Piątkowska 2004 . However the spring Secchi depth measurements (the mean of the March/April, May and June readings) have shown negative trends in all examined regions (Table 1 ) and, moreover, most of the detected trends were highly statistically significant. The Secchi depth trend in summer (the mean of the July, August and September readings) showed generally negative correlation coefficients (positive in some cases), but they were not statistically significant (Table 1) .
The presented (linear) regression coefficients clearly indicate that the spring phytoplankton blooms are more intense than the summer blooms, although after the year 2000 the frequency of summer blue-green algae appearances in the southern Baltic, and especially in the Gulf of Gdańsk, has markedly increased (Wasmund&Uhlig 2003 , Mazur-Marzec et al. 2006 ).
Reference conditions
Reference conditions for Secchi depth in off-shore areas, along the central Polish coast and in the Gulf of Gdańsk have been determined based on historical data from the years 1938 -1960 (Trzosińska 1992 (Trzosińska 1992 , Łysiak-Pastuszak&Piątkowska 2004 . The determination of Secchi depth reference conditions was primarily carried out as part of the WFD implementation in Poland (Łysiak-Pastuszak et al. 2006 ) and within the HELCOM EUTRO project (HELCOM 2006) . In this study, determination of Secchi depth reference conditions was extended to spring and mean annual resolutions. The determined reference values for Secchi depth in the assessed areas are presented in Table 2 .
Response curves
The most obvious functional relationship regarding eutrophication should be sought between water transparency and chlorophyll-a concentration -a proxy of phytoplankton biomass (Nielsen et al. 2002) . A negative response of Secchi depth to increased concentration of chlorophyll-a was detected in all areas of the Polish sector of the Baltic Sea (Table 3) , although not at all sampling stations, and when the relationship was statistically significant the result normally occurred from the raw data rather than the seasonally aggregated Table 1 Temporal trends (linear) detected in changes in Secchi depth in Polish marine areas; statistically significant coefficients (bold). spring/summer data. This rather strange result seems likely to be an artefact of a lack of data. Correlations between Secchi depth and chlorophyll-a concentrations were highly statistically significant, although the spreading of data around the linear regression line suggested the extension of the analysis of the exponential fit (Figs 1-4) .
The examined exponential relationships turned out to be less powerful, with the explained variance in the range 0.26-0.32. The relatively low explained variance in the relationship between Secchi depth and chlorophyll-a at the high frequency station KO, in the Gulf of Gdańsk ("outer Puck Bay" water body), Table 3 Functional relations -statistically significant linear correlations (bold) between Secchi depth and chlorophyll-a concentrations in the Polish part of the Baltic Sea. and where it might be assumed that the more numerous data should illuminate a stronger relationship, probably resulted from the contribution of humic substances in light attenuation, and hence a decline in water transparency, at this shallow coastal site. None of the presented exponential relationships show definite break points that can be defined as ecological status borders. This indicates that the data series covers a period of advanced eutrophication in these areas.
The data analysed for functional relationship determinations were primarily from the period 1987-2005. As mentioned before, data coverage and resolution in this period is uneven and sometimes not adequate to determine seasonal trends or functional relationships. Further, different lengths of the various data series, e.g. the measurements of total forms of nutrients at some stations started only in 1999, made the analyses difficult. Despite these evident shortcomings, some statistically significant linear correlations were established between Secchi depth and nutrient concentrations as pressure parameters (Table 4 ).
In the Gulf of Gdańsk, functional relationships observed in the raw data from the high frequency station KO, located in the "outer Puck Bay", revealed some interesting results despite the relative shortness of the data series (1999) (2000) (2001) (2002) (2003) (2004) (2005) , because the measurements at this station are conducted 12 times a year. This resolution rendered it possible to obtain highly significant correlations between Secchi depth and chlorophyll-a concentrations for the extended summer period (June-September), as suggested for chlorophyll-a quality assessment by the Baltic GIG (2006) . Statistically significant linear correlations observed in the area are presented in Table 4 .
The response curves established in the Gulf of Gdańsk link water transparency, an indicator related to productivity, with phosphorus, both inorganic and total forms. This supports observations of changes in the concentration of this limiting element in the Gulf since the mid-1990s (IMGW 1987 (IMGW -1999 (IMGW , 2000 (IMGW -2001 . The change from nitrogen to phosphorus limitation indicates a shift to a higher trophic level (Wasmund et al. 2000) .
It is also worth noting the statistically significant relationship between Secchi depth and silicate concentration in the Gulf of Gdańsk in summer (Table 4 , Fig. 5 ). The consumption of silicate by diatoms during spring phytoplankton growth leaves very low silicate levels in the water column, often below 0.5 mmol m -3 (IMGW 1987 (IMGW -1999 (IMGW , 2000 (IMGW -2001 . The detected relationship might illustrate silicate limitation for summer diatoms, e.g. Skeletonema costatum the proposed taxonomic indicator for phytoplankton assessment (Kuuppo, personal communication) .
Examination of the influence of nutrients on Secchi depth along the central Polish coast and in the off-shore region yielded only a few statistically significant correlations (Table 4) , and most of the strong relationships involve nitrogen. This indicates that nitrogen is still the limiting element in areas of lower exposure to direct anthropogenic discharges of nutrients. It is interesting to note a strong causative link between the load of total nitrogen from the Pomeranian Rivers and water transparency at a sampling station along the central Polish coast (Table 4) .
Only two of the detected functional relationships, those in the Pomeranian Bay and SE Gotland Basin, document the influence of the winter nutrient pool, which is the traditional eutrophication assessment tool (HELCOM 1987 (HELCOM , 1990 (HELCOM , 1996 (HELCOM , 2006 Łysiak-Pastuszak&Piątkowska 2004) , on productivity. This observation gives strong support to the discussion as to which data the environmental assessments should be based on -of seasonal resolution or an annual mean (Baltic GIG, 2006 , HELCOM, 2006 . The greater number of data included in the annual mean would increase confidence in the assessment, especially in the cases of the short data series that are available for the assessment.
Boundary setting
The response curves do not provide sufficient support for the development of class boundaries, so as a preliminary approach, the border between Good and Moderate status for water transparency was set as "REFCOND - Table 4 Functional relationships -statistically significant linear correlations (bold) between Secchi depth and nutrient concentrations in the Polish sector of the Baltic Sea. Secchi VI-IX -mean Secchi depth from measurements between June-September, a.m. -annual mean, DIP -dissolved inorganic phosphate, TP -total phosphorus, DIN -dissolved inorganic nitrate (DIN = NO 3 + NO 2 + NH 4 ); Pom. Rivers -sum of DIN load from Pomeranian Rivers, TN -total nitrogen, SiO 4 -dissolved reactive silicate, R, p, n -as in Table 1 .
ACCEPTABLE DEVIATION (50%)", the transparency being a decreasing parameter with enhanced eutrophication, following the OSPAR procedure (OSPAR 1997) . In the HELCOM EUTRO project, the upper limit of acceptable deviation from reference conditions was also defined as 50% (HELCOM 2006) . However, for indicators where the reference condition is the maximum (e.g. Secchi depth and depth limit of submerged aquatic vegetation), it was assumed that the acceptable deviation from reference conditions should not exceed 25% (AErtebjerg et al. 2003 , HELCOM 2006 . The use of 50 or 25% acceptable deviation is quite arbitrary, and there is need to improve scientific justification why it has been set to a given number. Further, the acceptable deviation for water transparency has to be tested with regard to the current ecological status to prove that the margin is not too restrictive or too flexible compared to other indicators.
